Chromosomal rearrangements constitute a significant feature of leukemogenesis and malignant transformation in general. Nucleotide patterns in the immediate vicinity of the break point may provide important information about the underlying causalities, eg illegitimate recombination events mediated by topoisomerase II, Alu repeats, or VDJ recombinase. In order to facilitate the determination of those DNA patterns, we developed a new fingerprint approach. In a first step, two DNA fragments were independently amplified by long distance PCR: the genomic region carrying the break point and the normal nonrearranged counterpart. Subsequently, both PCR products were digested with restriction enzymes, end-labelled with a fluorescent dye, and subjected to high resolution polyacrylamide gel electrophoresis. By comparing the restriction patterns of the rearranged and the nonrearranged PCR fragments, the break points could be easily localized within a size range coverable by a single sequencing reaction. Finally, the exact DNA sequence across the break point was directly determined. The 'fingerprint' technique is fast, reliable and enables the assay of multiple samples in parallel.
Introduction
Molecular analysis of chromosomal translocations has advanced understanding of the pathobiological mechanisms of malignant transformation and has provided powerful tools for diagnosis and therapy of malignant diseases. 1 In acute leukemias, one of these chromosomal translocations frequently occurs on chromosomal band 11q23. The vast majority of 11q23 abnormalities involve the MLL gene, whereas other genes located on 11q23, designated as RCK and PLZF, were found rearranged in only a few cases. [2] [3] [4] [5] Such MLL gene rearrangements are of particular interest as they occur in both lymphoid and myeloid leukemias and are usually associated with a poor clinical outcome. [6] [7] [8] [9] [10] [11] In addition, MLL rearrangements are a recurrent feature of therapy-related secondary leukemias after initial treatment with topoisomerase inhibitors. [12] [13] [14] The rearrangements cluster in a restricted region of the MLL gene of only about 8 kb and fuse almost identical 5Ј portions of MLL to a variety of heterologous genes in various 11q23 translocations.
4, 15 The striking MLL break point cluster region, as well as the detection of specific topoisomerase recognition sites within this region has led to speculation about the pathobiological mechanisms underlying the process of MLL rearrangements. Analyzing the nucleotide sequence at the junction sites may give hints about the generation of MLL rearrangements. To our knowledge, Gu et al 16 were the first to analyze an MLL rearrangement at the genomic DNA level. They detected a heptamer-nonamer sequence motif surrounding the MLL/AF4 junction site in two cell lines with a translocation t(4;11) and suggested that an aberrant recombinase activity might be involved in these translocations. However, only a few additional sequence data concerning MLL rearrangements have been since reported, [17] [18] [19] [20] and the interpretations of these data were contradictory, probably due to the small number of samples analyzed.
The fusion sites between the partner genes involved in a chromosomal translocation are usually located within large introns of sometimes several tens of thousands of nucleotides or more. Sequencing such large PCR products step by step is very time-consuming and laborious as a single sequencing reaction only covers about 500 nucleotides. Fine-mapping the break point regions prior to DNA sequencing may significantly reduce the efforts required. Such an approach may help to place the sequencing primer so close to the break point that only a single sequencing reaction is necessary to read across the junction site between the two partner genes.
Based on these considerations, we developed a fingerprinting approach. The principal steps of our protocol are summarized in Figure 1 . We demonstrated the usefulness of this approach in two cell lines carrying a t(9;11) chromosomal translocation (THP1 and MonoMac6) and in a further cell line carrying t(4;11) (MV411). [21] [22] [23] [24] Our protocol, however, is not limited to MLL rearrangements; it may be adapted to other chromosomal translocations provided that the essential sequence information is available or can be determined with reasonable effort.
Materials and methods

DNA purification
Genomic DNA from 2 × 10 5 -2 × 10 7 cells was purified by ion exchange chromatography (QIAGEN Genomic tips 100/G; Qiagen Ltd, Hilden, Germany) according to the manufacturer's recommendations. 25 The DNA was dissolved in 100 l
Figure 1
Determination of a chromosomal break point by restriction fragment analysis and direct DNA sequencing. In separate reactions, two DNA fragments are amplified by long-PCR: one covering the break point between two chromosomes (designated as 'rearranged') and the other corresponding to the non-rearranged segment of one of the two partner genes (designated as 'normal'). Both products of long-PCR are digested with frequently cutting restriction enzymes generating 5Ј-protruding ends with one or more adenosine residues. After complete digestion, DNA polymerase (Taq) is added and the 3Ј-ends of the restriction fragments are labelled with fluorescent dUTP. After removal of unincorporated nucleotides, the sizes of the restriction fragments are determined with an automatic, high resolution analyzing system (ABI 373A DNA sequencer equipped with the Genescan 672 software; PE/ABI, Foster City, CA, USA). A part of the screen images from both PCR fragments ('normal' and 'rearranged') is shown in the centre of this figure. Restriction fragments present in both can be easily identified by size and their almost identical shape. As the sequence of the 'normal' fragment is known (MLL break point cluster region 18 ), the positions of its restriction fragments can be identified. Restriction fragments of the 'normal' PCR fragment missing in the 'rearranged' counterpart must have been replaced by the chromosomal translocation. By comparing the restriction patterns from the normal gene with that obtained from its rearranged counterpart it is possible to design a primer for direct DNA sequencing that binds very close to the fusion site between the two partner genes. Finally, the nucleotide sequence is determined across the break point by direct DNA sequencing of the long-PCR product covering the fusion site. TE-buffer (pH 8.0) and its concentration was determined by absorbance at 260 nm. In general, 30 g of high molecular weight DNA (50-100 kb) were obtained from 10 7 viable cells.
Amplification of DNA fragments spanning possible break points
Amplification of genomic DNA fragments was performed by nested long-PCR in a GeneAmp PCR system 9600 using a GeneAmp XL PCR kit (Perkin Elmer, Ü berlingen, Germany).
In the first round of nested PCR 100 ng of genomic DNA were used as template in a total reaction volume of 100 l. After an initial melting step of 1 min at 94°C, first round PCR and the nested reaction each consisted of 28 cycles of 15 s at 94°C and 10 min at 68°C. Starting at the 17th cycle, the time interval at 68°C (annealing/extension) was extended by 15 s per cycle. After the final cycle the temperature was held at 72°C for 10 min followed by cooling down to 4°C. One microliter of the first round PCR product was subjected to the nested reaction. To determine chromosomal break points involving the MLL gene, an 8149-bp fragment of this gene was amplified by long-PCR spanning the complete region of possible breaks. 3 PCR primers were located in exon 5 and exon 11 of the MLL gene (P1-P4 in Table 1) . 18 In order to amplify a DNA fragment spanning the break point in a chromosomal translocation t(4;11), the MLL downstream primers P3 and P4 were replaced by the AF4 specific primers P9 and P10. In the same manner, P3 and P4 were replaced by the nested primer set P5 and P6 in order to amplify a DNA fragment covering the break point of a translocation t(9;11). Primers P5, P6, P9 and P10 were designed according to sequences published by Nakamura et al. 26 In the case of the MonoMac6 cell line, however, the nested primer set P5/P6 did not yield a product. Most likely, the rearranged fragment was too large to be amplified by long-PCR. It would have had a size of about 25 kb, as defined later. For this reason, we designed a new primer set according to the partial AF9 intron sequences we had obtained by sequencing the break point of the THP1 cell line. Combining this set of primers with P1/P2 finally yielded a product. An aliquot (5%) of long-PCR products was subjected to electrophoresis in a 0.8% agarose gel to check the quality of PCR amplification. PCR products were purified by spin dialysis with Ultrafree-MC 100.000 NMWL filter units (Millipore, Eschborn, Germany). Finally, samples were adjusted to a volume of 50 l with double distilled water (ddH 2 O). Sixteen microliters were subjected to digestion with restriction enzymes.
Digestion of long-PCR products with restriction enzymes and end-labelling with fluorescein-11-dUTP Long-PCR products containing sequences from MLL or rearranged counterparts were digested with Dde1 or Tru91 (Boehringer, Mannheim, Germany). Both enzymes generate protruding 5Ј-ends containing adenosine residues. Two microliters of the appropriate buffer (10-fold concentrated) and 2 l of enzyme (10 U/l) were added to 16 l of purified PCR products. Samples were incubated for 3 h at 37°C (Dde1) or at 65°C (Tru91), respectively. After that, the restriction fragments were end-labelled with fluorescent dUTP nucleotides by adding 4 l of ddH 2 O, 3 l of 10 × PCR buffer (GibcoBRL, Eggenstein, Germany), 1 l of Taq-polymerase (2.5 U/l), and 2 l of Fluorogreen (fluorescein-11-dUTP; Amersham Positions of MLL primers P1, P2, P4, and P11-P13 are numbered according to Gu et al. 18 Primer P3 was selected on the basis of the MLL cDNA sequence. 34, 35 It is located in exon 11 of this gene. As its position is directly adjacent to the 3Ј-end of the MLL break point cluster region reported by Gu et al, 18 the numbering used in this report was also applied here. The positions of P5, P6, P9 and P10 are from Nakamura et al. 26 Primers P7 and P8 were selected on the basis of partial AF9 intron sequences that had been obtained by sequencing the MLL/AF9 fusion site in the THP1 cell line. 'POL +' indicates sense primers. Designations of primers used during the second round of nested long-PCR are given in italics. Primers for direct DNA sequencing are bold face typed (P11-P13).
Buchler, Braunschweig, Germany). After 30 min incubation at 72°C, excess unincorporated dUTP was removed with a Nucleotide Removal Kit (Qiagen, Dü sseldorf, Germany) according to the manufacturer's protocol. Sample DNA was eluted with 50 l of ddH 2 O and an aliquot was subjected to electrophoresis in a 2% agarose gel to ensure complete digestion.
Genescan analysis
One microliter of labelled and purified restriction fragments was diluted 10-to 30-fold and subjected to automatic fluorescence-based post-PCR analysis, as described previously. 27 The chromatogram obtained from normal MLL DNA was directly compared to the corresponding pattern obtained from rearranged DNA by using an Apple MacIntosh IIci computer equipped with the GENESCAN 672 software (ABI/PE). Analysis was carried out within the linear range of the system, which covers three orders of magnitude.
DNA sequencing
Direct Taq-cycle sequencing of long-PCR products was performed with an ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit with AmpliTaq DNA Polymerase FS (ABI/PE). Sequencing primers were selected on the basis of the restriction maps. Within MLL-derived sequences of rearranged DNA, primers were located as close as possible to the break point. The melting temperature of primer template complexes was kept within a range of 50-56°C as calculated according to Itakura et al. 28 We tried not to use alu repeats and other repetitive sequences of the MLL gene in order to achieve a high primer specificity. In practice, however, sequencing primers containing repeats of other MLL sequences also worked well if at least the 3Ј-terminal nucleotide was different. Searches for repetitive sequences were performed with PCGene 6.85 computer software (Oxford Molecular, Oxford, UK). About 300 ng of template DNA were subjected to Taqcycle sequencing in a reaction volume of 20 l according to the recommendations of the manufacturer of the sequencing kit.
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Results
An 8149-bp fragment of the MLL gene was amplified by nested long-PCR that completely covered the region of possible break points between exons 5 and 11. Based on the sequence of the MLL gene, 18 a high resolution restriction fragment map was constructed with two frequently cutting enzymes. We selected the enzymes DdeI and Tru91 because they created a pattern of small MLL fragments most suitable for high resolution size determination on an automated sequencer (ABI 373A, 672 Genescan software). The high resolution of the Genescan analyzing system enabled a clear discrimination of restriction fragments by size with a resolution of three nucleotides for a range of fragment sizes from about 50 to 500 nucleotides. Identification of the different restriction fragments was facilitated by the use of Taq polymerase for filling in the fluorescent dUTPs at the restriction sites. Highly specific patterns of different peak heights, peak widths, and sometimes double peaks were created due to two characteristic features of this enzyme: a variable efficiency of incorporating modified nucleotides and non-templated addition of adenosine residues at the 3Ј-terminus of the DNA strand. Both activities are somehow dependent on the adjacent nucleotide composition, and are reproducible. 30, 31 Resulting labelling patterns are not affected by the presence or absence of additional fragments, as shown in Figure 1 . Using Dde1 for creating the restriction fragments provided an additional variation. As this enzyme accepts any nucleotide at the central position of the palindrome (CTNAG), the fluorescence signal may be enhanced if the variable nucleotide is an adenosine and two fluorescent dUTPs can be incorporated.
The MLL restriction map was compared with the pattern obtained from the long-PCR product covering the fusion site of the chromosomal break between MLL and AF4 or AF9 (Figure 2 ). Direct amplification of the rearranged fragment was Figure 2 Restriction patterns of the break point cluster region of the MLL gene. The right column represents a BamHI fragment of the MLL gene. It covers the complete break point cluster region (BCR of MLL) between exons 5 and 11. Nucleotide positions are numbered according to Gu et al 18 (nt 1-nt 8342). Alu sequences are shown scattered. The arrow on the right side indicates the position of the break point between MLL and AF9 from the THP1 cell line. The columns at the left side and the center represent schematic displays of restriction patterns obtained after amplifying the MLL break point cluster region by long-PCR and digesting the products with two frequently cutting enzymes (DdeI and Tru91, respectively). Any MLL-derived fragments present in the MLL/AF9 fusion gene of the THP1 cell line are shown in dark grey at the top of each column. The exact sizes of restriction fragments of more than 100 nucleotides are also shown by numbers in the respective boxes. Fragments clearly smaller than 100 nucleotides need not be considered because the position of the sequencing primer can be kept in a range to cover the break point by a single sequencing reaction. In the case of the THP1 cell line, the sequencing primer was located at the 3Ј-end of the 293-bp DdeI fragment as marked by an asterisk. possible in the case of the THP1 and MV411 cell lines. In the case of the MonoMac6 cell line no fragment could be obtained with primers P1/P5 in the first round and P2/P6 in the second round of nested long-PCR. Therefore, we selected new antisense primers on the basis of the fragment of AF9 intron sequences we had obtained by sequencing the break point in the THP1 cell line (P7 and P8 in Table 1 ). With these primers it was possible to amplify a DNA fragment covering the break point in the MonoMac6 cell line as well. On the basis of the restriction maps obtained from each of the three cell lines, specific primers for direct DNA sequencing across the break points were selected (P10-P13). Break points within the MLL gene were located at nucleotide positions 1806/1807 (THP1), 6588/6589 (MonoMac6), and 1128/1129 (MV411) (Figure 3) , according to the sequence of the MLL break point cluster region reported by Gu et al. 18 In MV411 cells the break point we found is 33 nucleotides upstream from the position reported previously. 18 Break point sequences from the cell lines THP1 and MonoMac6 had not been reported previously. All DNA sequences were deposited in the EMBL data base (accession numbers HSAJ161, HSAJ162 and HSAJ160). Recently, the approach described in this paper was also applied to bone marrow samples from three children with t(4;11)-positive acute leukemia. In this study, the break point sequences obtained were successfully used as clonotypic markers to detect malignant cells in long-term stored neonatal blood spots (Guthrie cards).
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Discussion
A better understanding of the basic mechanisms leading to chromosomal rearrangements might be achieved by comparing the nucleotide sequences in the immediate vicinity of the fusion sites between partner chromosomes. To date, however, only a few samples have been analyzed. No general pattern has thus far been detected and it is not clear whether different sequence motifs found near chromosomal break points are a significant finding or just coincidental. Obviously, data from a greater number of samples are needed. Such studies, however, would require great effort because the break points are usually located within large introns. This problem provided the stimulus to develop the methodological approach described in this paper. The method involves creating a fingerprint map of the rearranged DNA fragment prior to DNA sequencing in order to circumvent multiple sequencing steps with high expenditures of time and money. Our protocol is based on long-PCR and does not require any cloning steps. Therefore, it offers a much higher sample throughput than any other technique reported to date. 19, 33 Application of this protocol requires that the rearranged DNA fragment to be mapped can be amplified by long-PCR and that the DNA sequence of the region of possible breaks is known from one of the two partner genes. This sequence information is required to predict precisely the restriction patterns that will be generated by Tru91, Dde1, or any other suitable enzyme. Despite these limitations, our protocol may be applied to chromosomal translocations not involving the MLL gene. The efforts required to determine the break point sequence in a single sample, step by step, may be comparable to the efforts needed to obtain all the sequence information required for this approach. In some cases, however, our approach may fail in a first attempt as PCR primer binding sites may be missing due to minideletions. Also sequencing primers may not function because they are located within repetitive sequences, eg alu repeats. Despite these theoretical limitations, we were able to define the break point sequences in three out of three cell lines included in this study and in three out of three bone marrow samples examined in a different study. 32 These results suggest that the approach described in this paper may be very useful, even though the practical relevance of some possible limitations cannot yet be definitively assessed.
Determining the DNA sequence across a chromosomal rearrangement of a malignant cell clone may not only provide information about specific nucleotide motifs but also enable the designing of clone-specific PCR primers for monitoring minimal residual disease with a DNA marker. In contrast to the use of chimeric RNA transcripts as clonotypic markers for this purpose, specific DNA markers would also allow the detection of resting cells and the assessment of samples that have been stored long-term under crude conditions. 32 
